Values of the Hubble constant reported to date which are based on measurement of the Sunyaev-Zeldovich (SZ) effect in clusters of galaxies are systematically lower than those derived by other methods (e.g., Cepheid variable stars, or the Tully-Fisher relation). We investigate the possibility that systematic errors may be introduced into the analysis by the generally adopted assumptions that observed clusters are in hydrostatic equilibrium, are spherically symmetric, and are isothermal. We construct self-consistent theoretical models of merging clusters of galaxies using hydrodynamical/N-body simulations. We then compute the magnitude of H • derived from the SZ effect at different times and at different projection angles both from first principles, and by applying each 1 of the standard assumptions used in the interpretation of observations. Our results indicate that the assumption of isothermality in the evolving clusters can result in H • being underestimated by 10-30% depending on both epoch and projection angle. Moreover, use of the projected, emission-weighted temperature profile under the assumption of spherical symmetry does not significantly improve the situation except in the case of more extreme mergers (i.e., those involving relatively gas-rich subclusters). Although less significant, we find that asphericity in the gas density can also result in a 15% error in H • . If the cluster is prolate (as is generally the case for on-axis, or nearly on-axis mergers), and viewed along its major axis, H • will be systematically underestimated. More extreme offaxis mergers may result in oblate merger remnants which when viewed nearly face-on may result in an overestimation of H • . A similar effect is noted when viewing a prolate distribution along a line-of-sight which is nearly perpendicular to its major axis. In both cases the potential overestimation occurs only when the remnant is viewed within 15-30
of the standard assumptions used in the interpretation of observations. Our results indicate that the assumption of isothermality in the evolving clusters can result in H • being underestimated by 10-30% depending on both epoch and projection angle. Moreover, use of the projected, emission-weighted temperature profile under the assumption of spherical symmetry does not significantly improve the situation except in the case of more extreme mergers (i.e., those involving relatively gas-rich subclusters). Although less significant, we find that asphericity in the gas density can also result in a 15% error in H • . If the cluster is prolate (as is generally the case for on-axis, or nearly on-axis mergers), and viewed along its major axis, H • will be systematically underestimated. More extreme offaxis mergers may result in oblate merger remnants which when viewed nearly face-on may result in an overestimation of H • . A similar effect is noted when viewing a prolate distribution along a line-of-sight which is nearly perpendicular to its major axis. In both cases the potential overestimation occurs only when the remnant is viewed within 15-30
• of face-on. Bulk gas motions and the kinematic SZ effect do not appear to be significant except for a brief period during the very early stages of a merger. Our study shows that the most meaningful SZ measurement will be accompanied by a high resolution temperature data and a detailed dynamical modeling of the observed system. In lieu of this, a large sample selected to avoid dynamically evolving systems is preferred.
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INTRODUCTION
The Hubble constant (H • ) and determination of its value are among the most controversial topics within the astronomical community. Recently, however, there seems to be a general convergence toward a value for H • at the high-end of the currently accepted range, (i.e., ≥ 70 km s −1 Mpc −1 ). Such a value is supported by a variety of methods including the TullyFisher relation (85±10; Pierce & Tully 1988) , galaxy surface brightness fluctuations (82±7; Tonry 1991), Type II supernovae and the expanding photosphere method (EPM) (73±7; Schmidt et al. 1994) , as well as both space-based (80±17; Freedman et al. 1994) and ground-based (87±7; Pierce et al. 1994 ) measurements of Cepheid variable stars in the Virgo cluster. Mould et al. (1995) provides an excellent review of the recent analysis applied to the Virgo cluster in which they note that all of the above numbers are consistent with 80±17 km s −1 Mpc −1 . In contrast to these values, two methods have consistently supported a lower (< 60 km s −1 Mpc −1 ) value for H • . Schaefer (1996) reviews the observations of 10 Type Ia supernovae (SNIa) and reports a mean value of 55±3. However, Hamuy et al. (1995) finds that values of H • based on SNIa will be systematically underestimated by 15% unless a correction is applied using the luminosity-decline rate relation of Phillips (1993) which leads to a best value near 65 km s −1 Mpc −1 . This result is consistent with the SNIa-based value derived by Riess, Press, & Kirshner (1994) , 67±7 km s −1 Mpc −1 . Mould et al. (1995) , using a recalibration of SNIa absolute magnitudes based on six SNIa in the Virgo cluster, find a value of 71±7 km s −1 Mpc −1 . The second method which has consistently supported lower values of H • , and the one of interest here, relies on the measurement of the Sunyaev-Zeldovich (SZ) effect (Sunyaev & Zeldovich 1972) . For a complete and recent review of the SZ effect, the reader is referred to Rephaeli (1995) . Briefly, the SZ effect is a distortion of the cosmic microwave background (CMB) spectrum caused by inverse Compton scattering of low energy CMB photons by high energy electrons in the dense cores of massive clusters of galaxies. Knowing the density and temperature of the scattering plasma, as determined from X-ray observations of the intracluster medium (ICM), and the CMB brightness temperature in the cluster core, as measured by millimeter observations, it is possible to determine H • (see §2.). Owing to the difficulty of the millimeter observations and, until recently, the limited quality of X-ray temperature data, there have only been a few determinations of H • using this method. Still, they have tended to support a lower value for H • (e.g., 45±17, Birkinshaw et al. 1991; 48±28, Jones et al. 1993; 55±17 Birkenshaw & Hughes 1994) . The one notable exception is a recent measurement using the Coma cluster which finds H • = 71± 
Mpc
−1 (Herbig et al. 1995) . This value is based on a Ginga temperature for Coma of 9.1 keV. New ASCA observations resulted in a central temperature for Coma of ∼8 keV (Honda et al. 1996) which is more consistent with previous temperature estimates such as 7.5±0.2 keV from Tenma, 8.5±0.3 keV from EXOSAT (Hughes 1989) , and 7.7 keV from Spacelab 2 (Watt et al. 1992) . Using the lower temperature estimate would reduce the the Coma-derived value of H • to a value nearer 50 km s −1 Mpc −1 . The review article by Rephaeli (1995) lists two other measurements (A2256 and A2163) of H • using the SZ effect which are greater than 70 km s −1 Mpc −1 . However, both of these cluster show significant substructure, neither of these H • measurements have appeared, as of yet, in the refereed journals. Similarly, Kobayashi, Sasaki & Suto (1996) argue that SZ based measurements are consistent with those of Cepheids. This consistency is owed to the large uncertainty in the SZ derived values of H • .
What are the sources of this apparent systematic discrepancy? Although the X-ray data have improved dramatically in the last decade, it is still difficult to determine the internal structure of clusters from the X-ray imaging because it only supplies projected temperature and surface brightness information, while supplying no information regarding the internal gas dynamics. Consequently, observers are often forced to assume that clusters are spherical, hydrostatic, and isothermal systems. Such assumptions are contrary to recent observational evidence that shows many clusters (30-70%, Jones & Forman 1991; Bird 1993; Davis 1994; Mohr et al. 1995) are still dynamically evolving. In a few instances, detailed temperature maps of clusters have been produced only to reveal extremely complex temperature morphologies (e.g., 2256, Briel & Henry 1994; Roettiger, Burns & Pinkney 1995; A754, Henriksen & Markevitch 1996) We attempt to determine the source of the discrepancy using selfconsistent numerical hydrodynamical/N-body simulations of evolving clusters of galaxies. Specifically, we address systematic errors associated with the inherent limitations in the X-ray data. Our basic approach is to "observe" massive simulated clusters at several epochs during mergers with a variety of subclusters. We focus on mergers, because it is believed that massive clusters grow through the accretion of smaller structures, and mergers are the only mechanism likely to affect a cluster's global properties. Using the same techniques commonly employed by observers, we determine the temperature and density profiles of the simulated clusters as a function of viewing angle and epoch. We then compare the "observed" value of H • with the "true" value calculated from the line-of-sight (LOS) temperature and density profiles, i.e., from first principles. By comparison of the observed and true values of H • , we can evaluate the systematic errors.
It should be emphasized that we are analyzing the remnants of strong mergers which are therefore disrupted systems, and in some sense, they may represent a worst case scenario. On the other hand, it should be kept in mind that selection effects exist such that a sample of clusters having SZ measurements can potentially be biased toward evolving systems such as these. We find that such systems are hotter and, consequently, more X-ray luminous then their relaxed counterparts. Both effects will bias their selection. In addition, we find merger remnants to be prolate systems. Consequently, they will have an enhanced X-ray surface brightness when viewed end-on which may further bias their selection. It should be noted that all but two of the clusters listed in the sample presented by Rephaeli (1995) contain significant substructure, and those two (A478 and A2142) are considered to be strong cooling flows (Edge et al. 1992 ), a matter that further complicates the SZ analysis.
In §2., we describe the Sunyaev-Zeldovich effect and how it is used to determine H • . Section 3. describes our numerical methodology and initial conditions for computing cluster mergers, as well as, our choice of parameter space, our data analysis, and tests of our method. Section 4. contains a physical description of the cluster mergers. Section 5. contains our major results and a comparison with results from a previous study by Inagaki et al. (1995) . In §6., we discuss the origin of the observed discrepancy, limitations of this study, and implications for observers. And, finally, we summarize our conclusions in §7.
THE SUNYAEV-ZELDOVICH EFFECT AND THE HUBBLE CONSTANT
The SZ effect is a spectral distortion of the cosmic microwave background (CMB) resulting from inverse Compton scattering of low energy CMB photons by high energy electrons in the ICM (Sunyaev & Zeldovich 1972) . The change in the CMB brightness temperature observed in the Rayleigh-Jeans region of the spectrum is:
where n e is the electron density, T e is the electron temperature, σ T is the cross section for Thomson scattering, and the line integral, dl , is performed along the LOS through the cluster. Since n e ∝ h 1/2
and dl ∝ h −1 (T e is independent of h), we can solve Eq. 1 for h in terms of the observable quantities ∆T (millimeter observations), n e (r) and T e (r) (X-ray observations),
A more detailed derivation of the dependence of H • on these quantities can be found in Birkinshaw et al. (1991) and Rephaeli (1995) . Rephaeli (1995) also includes the relativistically correct form. Observationally, the situation is complicated by several factors. Typical values for the temperature decrement are of order a few hundred µK thus requiring extreme sensitivity of the millimeter measurements which in turn limits this type of observation to the hottest, densest, and presumably most massive clusters. Often, these are distant clusters which are affected by low spatial resolution in both the millimeter and X-ray observations. Although low spatial resolution and the use of a reference beam in the millimeter observations introduces a significant model dependence to the analysis, the central averaging may actually help smooth small scale temperature fluctuations and thereby help mitigate some of the associated uncertainties (Herbig 1996) . The typical resolution of the millimeter observations are >1
′ (e.g., 1.78 ′ , Birkinshaw & Hughes 1994; 7.3 ′ , Herbig et al. 1995) . It is therefore necessary to make assumptions about the cluster gas distribution in order to deduce the central temperature decrement from the observed beam averaged value (Birkinshaw et al. 1984) . Only recently have interferometric techniques allowed the generation of SZ maps with subarcmin resolution (e.g., Carlstrom et al. 1996) . In addition to these sources of error, observers must contend with contamination by cluster radio sources.
In this study, we do not address the uncertainties associated with the measurement of ∆T /T . Therefore, from Eq. 2, the fractional error in H • based solely on limitations of the X-ray data is simply the square of the ratio of the observationally derived pressure integral to the true LOS pressure integral or,
where the RHS numerator is based on observationally derived values for n e , T e , and dl and the denominator is based on the true 3-dimensional simulation data. Both integrals are calculated at the resolution of the simulation, 50 kpc (See §3.).
METHOD

Dynamical Calculations of Cluster Mergers
Numerical Method
To compute the dynamical evolution of merging clusters of galaxies, we use a hybrid hydrodynamical/Nbody code in which the hydrodynamical component is CMHOG written by one of us, J. M. Stone. CMHOG solves the fluid equations using an implementation of the piecewise-parabolic method (PPM, in its Lagrangian remap formulation for gas dynamics. The primary advantages of PPM are lower numerical diffusion through the use of third order parabolic spatial interpolations, and its ability to accurately resolve shocks in as few as 1-2 zones through the use of a Riemann solver. The result is an increase in the small structure captured at a given resolution over codes employing artificial viscosity to capture shocks. This code has been applied to a variety of astrophysical problems and has been extensively tested using the problems described in Woodward and Colella (1984) .
The collisionless dark matter is evolved using an N-body code based on a standard particle-mesh algorithm (PM). The particles are evolved on the same grid as the gas using the same time step. The time step is determined by applying the Courant condition simultaneously to both the dark matter and the hydrodynamics. The only interaction between the collisionless particles and the gas is via the gravitational potential. Therefore, the two codes are run largely independent of each other. The hydrocode supplies the gas density distribution to the N-body code as part of the source function to Poisson's equation (the self-gravity of both the gas and dark matter is included in these simulations). The N-body code, in turn, supplies the gravitational potential to the hydrocode where it becomes a source function to the energy equation. Since we are modeling an isolated region, the boundary conditions for Poisson's equation are determined by a multipole expansion of the mass distribution contained within the grid. Particles that leave the grid are lost to the simulation. Typically, less than a few percent of the particles leave the grid.
The computational grid is similar to that described in Roettiger, Loken, & Burns (1997) . The simulation is fully three-dimensional. The grid is a fixed and rectangular (100 x 100 x 220 zones). The merger axis coincides with the grid's major axis along which resolution is uniform and scales to 50 kpc or 6 zones per primary cluster core radius. Resolution along the grid's minor axis is uniform within the central 40 zones and ratioed in the 30 zones on either side. That is, the resolution is a uniform 50 kpc extending to 1 Mpc (20 zones) on either side of the merger axis. Beyond 1 Mpc, the zone dimensions increase by 3% from one zone to the next out to the edge of the grid. We use outflow boundary conditions for the hydrodynamical evolution. We do not include radiative cooling in these simulations.
Initial Conditions
The initial conditions are similar to those in several previous studies (Roettiger, Loken & Burns 1993; Roettiger, Burns & Pinkney 1995; Roettiger et al. 1996 Roettiger et al. , 1997 . We begin with two clusters that are initially isothermal (r < 4r c ) and in hydrostatic equilibrium. They are simply placed on the computational grid separated by ∼ 5 Mpc and allowed to merge under the influence of their mutual gravity. The clusters are given an initial relative velocity of 300 km s −1 . While not significantly affecting the final impact velocity, the small initial velocity does greatly reduce the time required to merge and thus saves considerable computational resources. The idealized initial conditions have several benefits. They allow a more efficient use of the computational volume, and consequently, higher resolution. They provide a well-defined baseline with which to compare the subsequent evolution of the post-merger clusters. And, they allow for a systematic study of merger parameter space.
Whereas the basic setup is identical to previous simulations by Roettiger et al. , the details of the intial cluster structure have changed somewhat. The total mass distribution in these simulations is wellcharacterized by a power-law slope of approximately -2.5 for r > r c . The gas distribution is typically somewhat flatter, ranging from -2.0 to -2.5 depending on the intial β parameter, see Table 1 . The temperature profiles are also somewhat different from previous simulations. These clusters are strictly isothermal only within 4r c . At larger radii, the temperature decreases gradually. Figure 1 shows an example of the initial density and temperature profiles for a β=1 cluster. Here, we define two values of β, designated β f it and β spec . The value of β f it is determined by fitting an isothermal β model to the Xray surface brightness distribution (see eq. 5), while β spec = µm p σ v 2 /kT where µ is the mean molecular weight, m p is the proton mass, k is Boltzmann's constant, σ v is the galaxy velocity dispersion, and T is the ICM temperature. Initially, β f it =β spec , at least within the central 3-4r c . Unless otherwise stated, all references to β refer to β f it . Finally, since these simulations are non-cosmological, the value of H • does not directly influence the scaling of the cluster dimensions. However, the arbitrary length scaling that we have chosen most closely resembles clusters in a universe in which H • =50 km s −1 Mpc −1 .
Parameter Space
In order to constrain our merger parameter space, we need to ask several questions. First, given a massive cluster of the type necessary for the SZ analysis, what mass of cluster is it most likely to have recently interacted with it? We gain some insight into this matter by looking at the mass function for clusters. Bahcall & Cen (1993) analytically represent the cluster mass function as,
(4) where n(> M ) is the number density of clusters with mass greater than M , M * = 1.8 ± 0.3 × 10 14 h −1 M ⊙ , and h = H • /100. Normalizing to a region of space large enough to have one cluster of mass comparable to our primary (∼10 15 M ⊙ ), we find that ∼90% of the other clusters in this same region are ≤25% of its mass. Thus, we focus on mergers between clusters with large mass ratios.
A second consideration is the relative gas content of the two clusters, particularly their central gas densities which, when combined with the impact velocity determines the ram pressure experienced by the respective clusters. Previous simulations have shown the importance of the self-interaction of the gas components in determining the post-merger evolution of the ICM. The relative gas densities will determine the degree to which the subcluster gas is stripped, the strength of shocks generated during the merger, and the accompanying heating, as well as the size and duration of bulk flows and the rate at which the remnant returns to equilibrium. X-ray studies of clusters of galaxies show the typical range of central gas densities to be 10 −4 ≤ n ≤ 10 −2 cm −3 (Sarazin 1986), while the global gas content of clusters, by mass, seems to range from a few percent to >30% with typical values in the 10-20% range (White & Fabian 1995) .
Since we are modeling a wide range in total cluster mass (up to a factor of 8), it would be helpful to constrain the models if there were a correlation between total mass and the ICM properties. Assuming hydrostatic equilibrium is the norm rather than the exception, one would expect a reasonable correlation between total mass and ICM temperature. However, a similar correlation does not appear to exist between total mass and gas density or baryon fraction (White & Fabian 1995) . In the absence of some extreme local physics (e.g., AGN, star formation), one would expect the fraction of mass in baryons to be relatively constant from one cluster to the next. The fact that we observe a wide range of values is, in and of itself, a very interesting problem with considerable cosmological implications (e.g., Lubin et al. 1996) . Still, it does little to help constrain our models. The situation is no better with the central gas density. Here, studies are limited by the resolution of the X-ray observations, and it may be more reasonable to expect local physics, particularly radiative cooling, to play a significant role. It has been noted that many very low mass systems tend to have more extended gas distributions than their high mass counter parts (i.e., low β) (Doe et al. 1995; Mulchaey et al. 1996) . In which case, if the gas contents are comparable and the dark matter distributions similar, one might then expect at least on average, that lower mass systems will have lower central densities. Table 1 contains the parameters of the clusters used in this analysis. In light of the above considerations, we have run six head-on merger simulations in which we vary the relative cluster masses and gas properties. In each case, the primary cluster is scaled to 1.5 × 10 15 M ⊙ . We have evolved both 4:1 and 8:1 total mass ratio mergers. Within each mass ratio, we vary both the gas content and central gas densities within the observed range of parameters. Central gas density varies from ∼ 8 × 10 −4 to nearly 2 ×10 −2 cm −3 . The fraction of mass in baryons within the central 1 Mpc ranges from 0.08 to 0.22 with most clusters ∼0.12. Merger 7 is an offaxis merger in which the impact parameter is ∼160 kpc (see §5.5.). Although this study in no way represents a complete sampling of parameters space, we do believe it to be representative of that space most likely to affect the SZ analysis. Mergers with lower mass subclusters or those with lower central gas densities relative to the primary are less likely to significantly influence the internal structure of the primary cluster.
Synthetic Data Analysis of Merger Simulations
In this section we describe the manner in which we attempt to obtain the X-ray observables, T e and n e , from the simulated data base. It is our goal to mimic the observational procedures as closely as possible in order to examine the effects of limited information in the observational data. We do not address problems associated with observational concerns such as photon statistics or poor spectral resolution. We therefore assume the clusters are well-observed within the region being analyzed.
Observed Temperature
Observationally, we are interested in the projected, emission-weighted ICM temperature. After selecting a particular epoch within a given merger, we calculate the X-ray volume emissivity (ε V ) within a chosen bandpass (e.g., ASCA, 0.5-10 keV). We use the MeweKaastra-Liedahl emission spectrum for optically-thin plasmas supplied with XSPEC. The model includes both thermal bremsstrahlung and line emission. We have assumed the clusters to have 0.3 solar abundance . We then weight the electron temperature within a given zone (which, of course, is given directly by the hydrodynamical evolution) by the volume emissivity within that same zone. The resulting product, ε V T e , is then integrated along each LOS through the simulation volume for a chosen projection angle creating an image which is then divided by the total emissivity along each LOS. The result is a projected, emissivity-weighted temperature map of the cluster at approximately the same resolution of the simulation itself (i.e., 50 kpc). The isothermal temperatures used in the following analysis are determined by averaging the above temperature map within a given aperture centered on the emission peak. In §5., we will explore the effect of varying aperture size. Similarly, the temperature profiles are generated by an azimuthal averaging of the temperature map within concentric annuli centered on the emission peak. In both cases, it is important to note that in the absence of spherical symmetry, temperature structure along the LOS is lost.
Observed Density Profile
The procedure used to determine the effective electron density measured by observers, n e (r), is somewhat more complicated, and we simulate the procedure used by most observers. As before, ε V is calculated at a given epoch. A LOS integration through the simulation volume at a chosen projection angle results in an X-ray surface brightness image. The Xray surface brightness profile, S x (r) , is generated by an azimuthal averaging of the surface brightness image within annular rings centered on the peak surface brightness. The resulting profile is then fit with an isothermal β-model (Sarazin, 1986) ,
where the core radius, r c , and β, are free parameters. We choose 1 Mpc as a reasonable extent for the observable X-ray emission. It is roughly three times the initial core radius. Generally, one can not expect a good fit to the β-model much beyond 2-3 core radii.
It should be noted that the fit parameters, r c and β, can depend strongly on the maximum radius used in the fit, and that this will contribute to some of the error in H • . However, in general, r c and β are not fit independently and vary such that the line integral of the β-model remains somewhat constant. This is important since the SZ effect depends on the line integral not on the individual parameters.
Given the fit parameters, r c and β, and the peak Xray surface brightness, S o , it is possible to determine the central electron density, n o , using the following relation based on Eq. 3 in Henry & Henriksen (1986) ,
(6) Here, N is a normalizing factor dependent on the bandwidth (E 1 , E 2 ) of the X-ray observation, T e is the electron temperature, k is Boltzman's constant, and Γ is the complete gamma function. Knowing r c , β, and n o , we can now calculate the electron density profile as follows,
As with the temperature data, in the absence of spherical symmetry, all LOS density inhomogeneities are lost. Furthermore, the perceived shape of the density distribution (r c , β, and ellipticity) may differ significantly from the true distribution. Since we do not include errors associated with photon statistics, all uncertainty in the fit parameters and ultimately in the electron density result from inhomogeneities and asphericity in both the density and temperature distributions or from a real deviation from a King model. For consistency in the analysis, the X-ray profile is always centered on the highest peak in the X-ray emission. The "best" fit parameters are determined objectively by a χ 2 minimization routine.
An Isolated Cluster: A Test of the Model
The above analysis was applied to a single, hydrostatic cluster which is similar to the primary cluster in each merger. The test cluster was placed on the same grid used in all the merger simulations only now it was allowed to evolve in isolation for a time period comparable to that of the mergers, ∼8 Gyrs. This test serves several purposes. First, it demonstrates the degree of dynamical stability in our model cluster. The cluster begins isothermal within ∼4r c and in hydrostatic equilibrium. Left on its own, it should remain so. However, due to resolution effects (largely in the N-body distribution), and infalling ambient matter, we do expect some minor evolution of the cluster. Second, we can test the observational analysis described above ( §3.2.) by attempting to reproduce the temperature and gas density profiles of the cluster. Finally (and most importantly), in light of the inevitable, albeit minor, evolution of the isolated cluster and the limited observational information, we can attempt to accurately reproduce H • using the SZ effect. This final test allows us to assess the degree to which the observed H • discrepancy is attributable to recent merger activity and the evolving dynamical state of the clusters.
The most noticeable evolution occurs in the ICM temperature. Initially, the cluster is isothermal (6.5 keV) within the central 1.2 Mpc or 4 core radii. After 4 Gyrs, the time at which core passage occurs in the merger simulations, the temperature within this same region has risen to 6.9 keV with a zone-to-zone dispersion of 0.22 keV or roughly 3% of the mean. After 8 Gyrs, the temperature has risen to nearly 7.5 keV with a dispersion of 0.29 keV or <4% of the mean. Since the ICM heating is rather uniform across the cluster, we believe that the primary cause is a general, although slight, contraction of the cluster mass distribution. There is some evidence from the fitting of β models to the synthetic X-ray images that the cluster core has contracted by ∼5% in radius, or ∼15% in volume. In addition, some heating undoubtedly arises from random fluctuations in the gravitational potential, particularly in the core. This serves to heat the gas by inducing collisions through random motions. It is this process that likely produces most of the dispersion about the mean temperature. In any case, the cluster remains largely isothermal as indicated by the low temperature dispersions, and evolution of the mean temperature is small compared to that seen in the merger simulations. Finally, Figure 2 shows the gas density profile at 0, 4 and 8 Gyrs. As with temperature, the density evolution is minimal. A slight increase in the core density is noted. This is likely related to the contraction of the cluster discussed above. The β-model fitting indicates that the cluster remains spherical to better than a few percent.
In order to test the significance of the observed evolution to the SZ analysis, we have performed the observational analysis described in §3.2. At each epoch, we calculate the true SZ-based H • at 100 random LOS through the cluster core while simultaneously calculating the observed value of H • . We find at 0 Gyrs, < h obs /h true >= 1.00 ± 0.004, at 4 Gyrs, < h obs /h true >= 1.00 ± 0.01, and at 8 Gyrs, < h obs /h true >= 1.03 ± 0.02. In each analysis, the cluster was assumed to be isothermal. In the last instance, we find a +3% discrepancy in the observed value of H • . Our analysis shows that the low level of non-isothermality and small degree of asphericity discussed above contribute about equally to this systematic effect. We performed the same analysis using the projected, emission-weighted temperature profiles, and found < h obs /h true >= 1.00 ± 0.004, 0.99±0.02, and 1.00±0.02 for 0, 4 and 8 Gyrs, respectively. This test demonstrates that 1) our analysis procedure can accurately reproduce the temperature and density profiles, and 2) the minimal evolution observed in the test cluster does not significantly influence the SZ analysis, and therefore, the results described in §5. can be attributed largely to the postmerger evolution.
A DESCRIPTION OF A TYPICAL CLUSTER-SUBCLUSTER MERGER EVENT
A detailed description of the physical evolution of cluster-subcluster mergers can be found in Roettiger et al. (1997) . Here, we will only briefly review the evolution with an emphasis on those aspects most pertinent to the SZ analysis.
As stated above, we begin with two, essentially isothermal, spherical, hydrostatic clusters which merge under the influence of their mutual gravity. The clusters are composed of two components, one collisional (ICM) and one non-collisional (dark matter). Although they do interact via gravity, the evolution of these components differ significantly, particularly during the early stages of the merger. We begin with the dark matter, or particle, evolution since it is the most straight-forward. In the higher mass ratio mergers such as those discussed here, the subcluster is elongated by tidal forces as it is drawn into primary cluster. When coincident with the primary core, the subcluster is compressed creating an extremely concentrated mass distribution and very deep gravitational potential well. Upon exiting the core, the subcluster is largely disrupted appearing downstream as a spray of particles some of which are no longer bound to the system. Those particles that do remain bound return on radial orbits through the remnant core. The result is a sustained anisotropy in the particle velocity dispersion that supports an elongation of the dark matter distribution. As noted by both Roettiger et al. (1997) and van Haarlem & van de Weygaert (1993) , the elongation of the dark matter distribution, and, consequently, the gravitational potential, is long-lived such that the alignment of a cluster merely reflects the axis of the most recent merger. Ultimately, the ICM will come into equilibrium within the elongated potential creating a prolate gas distribution. As we will see in §5., this has strong implications for the SZ analysis.
The evolution of the gaseous components is somewhat more complicated. As the subcluster begins to impinge on the primary cluster, its leading edge is compressed and swept upstream as subcluster gas is stripped away at large radii. Along the leading edge, a bow shock is formed as the two cores begin to merge which further compresses and heats the gas. At the time of core passage, the gas distribution is strongly peaked, as is the gravitational potential at this time, and slightly elongated perpendicular to the merger axis ( Figure 3a from Merger 3; Table 1 ). As the subcluster exits the core, the initial bow shock proceeds downstream and can be seen as an arc of hot gas. Behind the shock is a region of rarefaction and adiabatic expansion containing much cooler gas (left edge of Figure 3d ). As noted above, the gravitational potential reaches a peak minimum during core passage only to rapidly return to near premerger values as the subcluster exits the core. While near its minimum, gas is drawn in from the outer regions of the cluster only to be rapidly expelled from the core. The expelled gas interacts with residual infall from the subcluster creating a second shock that propagates upstream (far right Figure 3d ).
The fate of the subcluster gas depends on the relative cluster parameters. In general, most of the subcluster gas is stripped before core passage, remaining as relatively cool gas on the upstream side of the merger remnant. Gas, along the leading edge of the subcluster is severely heated (Figure 3b ) before being stripped whereupon it is transported along the bow shock and deposited in the outer parts of the cluster. In those instances where the subcluster and primary cluster have comparable ram pressure, some subcluster gas will penetrate and be carried beyond the primary core. Since the subcluster gas is no longer bound within its own gravitational potential nor is it pressure confined by the primary ICM at large radii, it eventually expands and cools before falling back into the primary where it is subsequently re-heated and slowly mixes via random gas motions in the remnant (Figure 3f,h) . All of these effects, the shocks, adiabatic expansion, remnant subcluster gas, etc, result in a very inhomogeneous, (i.e., non-isothermal) temperature morphology which, as we will see in §5. has implications for the SZ analysis.
RESULTS
The origin of the possible discrepancy in H • , at least the component associated with the X-ray observations, has two primary sources, those being the uncertainty in the true temperature and density distributions. Here, we attempt to separate and quantify these two effects by first presenting an analysis using the "observed" temperature data, both a single isothermal temperature and a high-resolution temperature profile combined with the true LOS density distribution. We then present the same analysis using the observed temperature data along with an observationally derived density profile. Since the SZ effect is highly dependent on the particular LOS through the cluster, we present our results as a function of projection angle with respect to the observer. And, since the systems are evolving, we also examine two epochs during the post-merger evolution.
Temperature
Figures 4a-f show the discrepancy between the observed and true value of H • that is due entirely to uncertainty in the LOS temperature distribution as a function of projection angle. The projection angle is defined relative to the merger axis such that +90
• , 0
• , and -90
• correspond to the observer looking up the merger axis (subcluster moves toward the observer), perpendicular to, and down the merger axis (subcluster moves away from the observer), respectively. We chose the merger axis as a reference because it is the merger remnant's primary axis of symmetry. These figures were generated by calculating the ratio of the observed to the true H • (Eq. 3) along 100 random LOS through the cluster core. This results in a distribution of points to which we fit a parabola. For the sake of clarity, we only plot the parabolic fit. Typically, the maximum residual to the fit is ∼ ±0.10. The solid line represents the resulting discrepancy when using a projected, emission-weighted isothermal temperature estimate taken within a 0.75 Mpc aperture. Realistically, we can now expect more detailed temperature information on a significant number of relatively nearby clusters (Markevitch 1996) . To address this possibility, we have performed the SZ analysis using azimuthally averaged temperature profiles binned by 50 kpc (dashed line).
There are several sources for the scatter in the above relations. Ultimately, they are all tied to the extreme sensitivity of the denominator of Eq. 3 to the particular LOS. As the merger remnant evolves, the extreme symmetry seen in the early merger stages breaks down giving way to a more irregular temperature distribution. Consequently, any small variation in the LOS can cause a significant change in the line integral. On the other hand, the observed temperatures are relatively unaffected by projection since they are averaged over large regions of the cluster. As stated above, the typical maximum residual to the fit is ±0.10, this corresponds to <10% variation in the line integral from one LOS to the next. Figures 5a,b show the LOS variation in h obs /h true for one merger. In Figure 5a , we have chosen LOS in constant latitude (⊥ to merger axis) while scanning in longitude ( to merger axis). In Figure 5b , we hold longitude constant and scan in latitude. Each point represents a LOS.
In order to check for the affects of aperture size on the isothermal temperature, we view mergers 4 and 5 at one projection (-30 • , the isothermal temperature is not very strongly dependent on projection angle) and calculate h obs /h true for various aperture sizes ranging from 0.25 to 1.25 Mpc. The results of this analysis are shown in Figure 6 . We see a general trend of decreasing h obs /h true with increasing aperture size. We also note the potential for overestimation of H • when using relatively small apertures. Inagaki et al. 1995 observed a similar effect (see §5.6.). In the presense of a strong temperature gradient, a small aperture will result in an overestimation of the cluster temperature which can lead to an overestimation of H • by 10% or more.
Examination of these figures shows 1) H • is systematically underestimated in all mergers at all projection angles. Using an isothermal temperature estimate, we find errors range from ∼ 5-30%. Using a temperature profile, errors range from ∼5-20%. 2) The systematic underestimation of H • tends to be greater in mergers where the subcluster contains more gas relative to the primary, Figures 4a-c,f. 3) Estimates of H • , in all but one case, improve when the temperature profile is used, generally by ∼10%. The improvement is most noticeable in the more disruptive mergers, (i.e., those where the ratio of the central gas densities is low). Little, if any improvement is noted in the very high gas density ratio mergers, but these showed relatively small systematic errors to begin with. 4) Generally, the error is relatively flat as a function of projection angle (latitude), varying by <0.1 in h obs /h true .
Density and Temperature
Figure 7a-f shows the discrepancy in H • when both the density and temperatures are observationally determined. As before, the solid line indicates an isothermal temperature was used, a dashed line indicates a temperature profile. Comparison with Figure  4a -f reveals the relative contribution of each to the total discrepancy. Several conclusions can be drawn. 1) When viewing along the merger axis (±90
• ), the discrepancy increases causing a further underestimation of H • , up to 35% is some cases. 2) When viewing perpendicular to the merger axis (0 • ), the discrepancy is the same as or less than that due to temperature alone, usually <20%. The combination of (1) and (2) create a signature by which the H • discrepancy is maximum when viewed along the merger axis and at a minimum when viewed perpendicular to the merger axis. The other trends mentioned above still hold. In general, the mergers with lower central density ratios have larger systematic errors, and they benefit most from using a high-resolution temperature profile.
Evolution
We have chosen to perform the SZ analysis at ∼2.5 and 5.0 Gyrs after core passage. The results can be seen in Figures 8a,b. There were several reasons for selecting these particular epochs. First, as noted in Roettiger et al. (1997) , much of the internal gas dynamics have diminished by 2.5 Gyrs, particularly bulk flows. The core crossing time for these clusters is ≤1 Gyr which is the absolute lower limit for post-merger relaxation of the cluster. The actual relaxation time is considerably longer owing, at least in part, to continual infalling of subcluster particles and gas for nearly 2 Gyrs. By waiting until 2.5 Gyrs, we can neglect the kinematic SZ effect ( §5.4.) in this portion of the analysis. A second motivation for the selection of these particular epochs is the ill-constrained cluster merger rate. Both cosmological numerical simulations and observational evidence supports a hierarchical universe in which largescale structures form and grow via mergers with smaller systems. An interesting question then pertains to the rate at which these mergers occur. Unfortunately, ascertaining the true merger rate is very difficult. Based on cooling flow evolution analysis, Edge et al. (1992) estimate mergers occur every 2-4 Gyrs. Observational surveys (both optical and X-ray) show substructure in 30-70% of clusters (Bird 1993; Mohr et al. 1993; Davis 1994) indicating that a large fraction of clusters have undergone significant dynamical evolution in the last 2-3 Gyrs. A theoretical analysis by Richstone, Loeb, & Turner (1992) shows that in an Ω o =1 universe, only 40% of present day clusters are formed at 80% of the Hubble time, indicating significant accretion has occurred within the last 2-4 Gyrs. In an Ω o =0.2 universe, about 80% of present day clusters are formed by this time. Therefore, we chose 2.5 and 5.0 Gyrs to bracket the time expected between significant mergers. Figure 8a reveals the lack of evolution in Merger 4 (4:1 mass ratio) between 2.5 and 5 Gyrs. As above, we see the signature of a prolate gas distribution, i.e., a severe (∼30%) underestimation of H • at ±90 projection. This does not appear to change with time indicating a sustained anisotropy in the particle velocity dispersion which supports the elongated mass distribution. This would also seem to indicate very little evolution in the temperature distribution though only a third of the discrepancy was attributable to the temperature at ±90
o . Figure 8b shows the evolution of the H • discrepancy in Merger 6 (8:1 mass ratio). At 2.5 Gyrs, we see the signature of the prolate gas distribution. However, at 5.0 Gyrs the signature diminishes noticeably indicating a more rapid relaxation of the gas distribution within a largely spherical potential. Once again, there is little evolution in the temperature distribution, which contributes the bulk of the discrepancy in this case.
The case for limited evolution is further supported by the values in Table 2 . Here, we present the mean ratio of h obs /h true averaged over all angles at 2.5 and 5.0 Gyrs. In each merger, the mean ratio is less than unity indicating a systematic underestimation of H • . However, there is no clear trend regarding the degree of evolution, except that mergers involving subclusters with relatively low central gas densities appear more likely to show significant positive evolution (Mergers 4 and 6 in Table 2 ). That is, the observed discrepancy in H • decreases with time.
Gas Dynamics
In addition to the thermal SZ effect, there is also a kinematic SZ effect which for small values is an additive term of the form (σ T /c) n e v pec dl where v pec is the velocity of the scattering plasma relative to the observer (Sunyaev & Zeldovich 1980) . Therefore, the estimate of H • may be influenced by bulk plasma motions induced along the observer's LOS during the merger . Roettiger et al. (1997) showed that merg-ers can generate bulk flows in excess of 1000 km s −1 through the cluster core during the early stages of a merger. This is particularly true in the cases where the subcluster penetrates the primary before being stripped of its ICM. Observationally, such flows have not been confirmed, although this situation may change with the launch of the high resolution X-ray spectrometer, Astro-E.
Unlike the thermal SZ effect, the kinematic effect is directional in that it depends on the direction of the cluster's motion relative to the observer. Therefore, one would not expect to observe a systematic effect when studying a large sample of clusters or individual clusters where the gas dynamics along the LOS are essentially random. However, the kinematic SZ effect can lead to an observational bias. Clusters with bulk flows directed away from the observer will have systematically larger values of ∆T /T CMB making them easier to detect. This effect is further enhanced by the tendency to select hotter, more luminous clusters (L x ∝ T 5/2 ). Significant mergers will tend to increase the cluster's temperature, and consequently increase the X-ray luminosity making them more likely to be selected in this sample. Furthermore, clusters merging along the LOS will be viewed as end-on prolate structures which may be preferentially selected because of their enhanced X-ray surface brightness.
We address the kinematic SZ effect in merging clusters of galaxies by including an additive term in the denominator of Eq. 3 such that,
where v pec is the peculiar velocity of a gas parcel along the LOS in the rest frame of the primary cluster's center of mass. Positive v pec is defined to be motion away from the observer. We then performed the same analysis as above on several selected mergers and epochs. In general, we find the kinematic effect is not significant. This is not surprising, since the bulk flow must not only be high velocity, but coincident with high density. Only in the early stages of mergers 1 and 2 (those with low ratios of central gas density) do we find a noticeable effect, 5-6%, when observing within 15
• of the merger axis and within 1 Gyr of core passage.
A Merger with a Non-Zero Impact Parameter
We now examine the remnant of a non-zero impact parameter merger. Although cosmological simulations of largescale structure formation would seem to indicate that most mergers are largely head-on owing to the infall of matter along radial filaments, the potential for offaxis mergers does exist. The unusual temperature and density substructure observed in A754 (Henry and Briel 1995) is believed to be the result of a high angular momentum merger (Henricksen & Markevitch 1996) . The significance of offaxis mergers to this study is that residual angular momentum in the remnant may result in an oblate rather than a prolate gas distribution.
The initial parameters for Merger 7, our offaxis merger, can be seen in Table 1 . Although a somewhat lower mass ratio, Merger 7 is quite similar to Merger 1. The most significant difference between these two mergers is that in Merger 7 the subcluster is given an initial velocity of 150 km s −1 perpendicular to the line of centers. This is in addition to the 300 km s −1 along the line of centers which was used in all the merger simulations. As a result, at the time of closest approach the respective centers of mass are separated by ∼160 kpc or ∼0.5r c . This is enough to have a significant affect on the early evolution of the merger remnant. We find that as the cores interact, there is a compression and shear which produces a bar of X-ray emission at the interface between the primary and subcluster gas components. As the subcluster dark matter swings around the primary core, it drags ICM with it creating an asymmetric extension in the X-ray surface brightness distribution. Near the leading edge of the extension, there is an arc of shock heated gas. Early in the merger evolution, we find that the distinctive X-ray and temperature morphologies and the displacement found between the dark matter and gas distributions are quite similar to the observed properties of A754 (Zabludoff & Zaritsky 1995; Henriksen & Markevitch 1996) . Unlike the head-on merger, the subcluster is not severely disrupted during the initial passage. Eventually it reaches turn around and falls back into the core of the primary on a nearly radial orbit. The second core passage occurs at approximately 2.5 Gyrs after the first. During the first passage angular momentum is transferred to the gas distribution while some is lost as dark matter particles are shed. Although the angular momentum in the gas should dissipate quickly there is still some evidence of rota-tion at 5.0 Gyrs after the initial core passage. There are rotational velocities of order 600 km s −1 at radii of 1.5-3r c in the plane of the merger. Velocities are lower and less ordered within ∼1.5r c .
Our SZ error analysis is complicated by the asymmetric evolution of the offaxis merger. As mentioned above, the second core passage occurs at approximately 2.5 Gyrs after closest approach. Consequently, the cluster morphology is still significantly disrupted at this time, and it is certainly not recommended that such a cluster be included in an SZ-H • study. Still, for the sake of completeness and consistency, we perform the above analysis at 2.5 Gyrs. We find that the results are quite consistent with those of the headon merger. This is as expected since the remnant is still largely prolate. There is, however, some oblateness which causes an overestimation of H • by as much as 20% when the cluster is viewed within 15-30
• of face-on (i.e., perpendicular to the oblateness). This is caused by an overestimation of the LOS pressure integral. Overestimations of both temperature and density contribute to this effect. The gas distribution that is projected into the plane of the sky appears to be more extended than it actually is along the observer's LOS, and the temperature is less contaminated by cooler gas along the LOS and therefore appears somewhat higher. The analysis was also performed at 5.0 Gyrs after closest approach. Here, the results are even more similar to those of Merger 1 although the residual oblateness does reduce the underestimation of H • by 5-10% within about 20
• of face-on. This does not however significantly affect the H • discrepancy when averaged over all viewing angles, compare Merger 7 at 5 Gyrs with Merger 1 at 5 Gyrs in Table 2 . Inagaki et al. (1995) also addresses the reliability of H • derived from the SZ effect. Our study differs from theirs in several significant ways. First, our numerical methodology for computing the evolution of clusters ( §3.) is based on PPM where as they employ the numerical simulations of Suginohara (1994) which are based on a smoothed particle hydrodynamics (SPH) code. PPM is better able to accurately record the development and evolution of shocks which can dramatically effect the temperature evolution within merging clusters of galaxies. Second, we have effectively twice the resolution (50 kpc) over a much larger region (2 Mpc wide, extending the length of our grid, §3.). Inagaki et al. report 100 kpc resolution, but this really only applies to the core of the cluster. As density decreases, so does their resolution. Third, our approach to the analysis is considerably different. Inagaki et al. observed two simulated clusters evolved from cosmological initial conditions but without noting their recent history. We have chosen to examine a series of clusters with known initial properties (based on the observed properties of clusters) and very specific merger histories. In this way, we can directly relate the observed H • discrepancy to the cluster's recent evolution. Finally, we have adopted a more systematic approach to presenting the analysis in order to elucidate projection effects under specific observational conditions. The Inagaki et al. study was directed toward a more statistical analysis which would be applicable to a large sample of SZ-based H • observations. Our study is meant to show the magnitude of errors attributable to any given observation.
A Comparison with a Previous Study
With this said, we feel our results are quite consistent with, although somewhat more extreme than, those of Inagaki et al. . They report that nonisothermality of clusters, particularly temperature gradients, is the most significant source of error in H • , resulting in as much as a 20% underestimation. We find up to 30% in our merger simulations though <20% was more typical. They also note that prolateness of the cluster will cause an underestimation of H • when viewing the cluster along the major axis. However, because of the formalism they choose for calculating the core radius, they attribute the underestimation of H • to an overestimation of the core radius. We, on the other hand, find that fitting a core radius and β to the X-ray surface brightness of a prolate gas distribution viewed end-on effectively results in an underestimation of the LOS extent of the gas distribution. Combined with the temperature-based underestimation, we find a combined effect of up to 35%. They quantify the error due to clumpiness and asphericity as a <15% overestimation. We also see the potential for overestimation of H • due to both asphericity and clumpiness. We find viewing a prolate distribution, perpendicular to the major axis can result in a overestimation of 10-15%. In some instances, this is just enough to compensate for the underestimation of H • due to incomplete temperature information.
DISCUSSION
Origin of the H • Discrepancy
The origin of the H • discrepancy in these dynamically evolving clusters can be summarized simply as a lack of true 3-dimensional information and the volume-weighted observed quantities. The LOS projection effects and limited resolution of the Xray observations tend to mitigate extremes of temperature. As seen from Eq. 1, the SZ effect is most influenced by the hottest, densest gas in the cluster. And, although the observed temperature is emission-weighted, the emissivity is only weakly temperature dependent. This, combined with the long LOS through the cluster, causes the observed temperatures to be lower than the effective mean temperature of the scattering plasma. In the presense of even a mild temperature gradient, an isothermal temperature estimate using a large aperture will include a large amount of gas at relatively cool temperatures compared to the core, thus weighting the mean temperature downward. Underestimation of the temperature, according to Eq. 2, will lead to an underestimation of H • . As the aperture size increases, the observed temperature decreases which further reduces the observed value of H • (see Figure 6 ). Lack of spherical symmetry, and the extremely local nature of inhomogeneities in the temperature distribution cause even the temperature profile to differ significantly from the true LOS temperature experienced by the CMB photons. This is best demonstrated in Figures 9a and 10a where we show the observed isothermal cluster temperature within 0.75 Mpc, the azimuthally averaged temperature profile, and the true temperature along the observed LOS both perpendicular and parallel to the merger axis from Merger 4 at 5 Gyrs. Note that the temperature profile appears largely isothermal varying by little more than 1 keV across the face of the cluster. In stark contrast, the true LOS temperature exhibits several local temperature peaks.
Similarly, projection effects play an important role in the density analysis. Each of the mergers discussed here results in a prolate gas distribution whose major axis coincides with the merger axis. Both the degree of ellipticity and its evolution are a function of the relative total mass and the relative central gas densities. As the subcluster increases both in gas content and total mass relative to the primary, the degree of prolateness in the gas distribution increases. Initially, the gas distribution is more elongated than the dark matter distribution. As the systems come into equilibrium, the gas traces the dark matter fairly well. In the case of the 4:1 mass ratio mergers both the dark matter and gas distribution remain noticeably elongated even after 5 Gyrs. In the 8:1 mass ratio mergers, both the gas and dark matter relax into essentially spherical distributions.
The signature of the prolate gas distribution is easily seen in the results of the SZ analysis. When viewing the elongated cluster along the major axis, projection effects cause the gas distribution to appear less extended and more centrally concentrated than in reality. Consequently, both core radius and β fit to the X-ray profile are too small. This causes the central gas density in Eq. 5 to be slightly overestimated, but the primary effect is to underestimate the extent of the gas distribution and ultimately H • . The effect is reversed when viewing along the cluster's minor axis. Here, the tendency is to overestimate r c and β causing a slight underestimation of the central gas density, but this effect is more than compensated for by the overestimation of the extent of the gas distribution along the LOS. This leads to an overestimation of H • , but it is usually not enough to compensate for the underestimate resulting from uncertainties in the temperature distribution. Figures 9b and 10b show a comparison of the true LOS density profile (solid line) and the observationally derived profiles parallel and perpendicular to the merger axis, respectively. This effect varies fairly smoothly between these two extremes resulting in the distributions plotted in Figures 7a-f.
Limitations of this Analysis
There are several potentially important physical processes neglected in this study which may affect the determination of H • by the SZ effect. For example, we do not include radiative cooling or thermal conduction, both of which may serve to mitigate some of the effects observed here. (Similarly, Inagaki et al. (1995) also neglect these processes). This is particularly true of thermal conduction. As with radiative cooling, thermal conduction is likely to be most important in the dense cores of clusters, precisely the region that most influences the X-ray emission while also strongly influencing the SZ effect. If thermal conduction in clusters is characterized by the Spitzer (1962) coefficient of thermal conductivity, temperature inhomogeneities will likely be erased on relatively short time scales, <1 Gyr (Sarazin 1986). However, conduction may be very much limited to the core owing to the strong dependence on density and therefore radius. Still, the actual level of thermal conductivity, which may depend on the detailed structure and strength of intracluster magnetic fields (Tribble 1989) , is uncertain by at least two orders of magnitude. For this reason, it is very difficult to address conduction with numerical simulations at this time simply because the parameter space is so poorly constrained. Radiative cooling in the ICM is better understood, but it is difficult to gauge the affect on this particular analysis. Cooling may serve to weaken radial temperature gradients, and it may also result in small scale clumping which poses other problems for the SZ analysis. We have chosen our parameter space such that cooling is not significant. Cooling times range from ∼5 Gyrs to greater than a Hubble time.
Summary
We have shown that significant systematic errors in the SZ-based value of H • can result from a combination of non-isothermality and asphericity in both the temperature and density distributions resulting from recent dynamical evolution. Together, these factors can cause H • to be underestimated by as much as 35% with more typical values ranging from 10-25%. Although there is a potential for overestimation of H • under specific conditions (in particular, oblate clusters resulting from offaxis mergers when viewed nearly face-on), the tendency to underestimate is far more prevalent. This effect will be enhanced by various selection effects which may bias SZ samples toward clusters with larger (i.e., more detectable) ∆T /T CMB . For a given set of X-ray properties, the observed H • estimate will decrease as ∆T /T CMB increases. Similarly, X-ray based selection effects will also tend to bias toward an underestimation of H • . Merger remnants tend to be hotter and more luminous which increases their likelihood of being selected. Remnants of head-on or nearly headon mergers will be prolate. Prolate clusters viewed end-on will be preferentially selected by virtue of an enhanced X-ray surface brightness.
We find that detailed temperature profiles do not significantly reduce the error in H • , except in the more extreme merger examples. It is important to note however that no X-ray telescope will supply the true 3-dimensional temperature (or density) information, so a reliance on spherical symmetry will remain important. In order to minimize the effects of dynamical evolution, a statistical sample of clusters having SZ measurements should be compiled. The members of this sample should appear spherically symmetric in both their X-ray surface brightness, and temperature distribution. Elongated clusters with twisted isophotes and multiple emission peaks should be avoided. Also clusters with large β discrepancies (β f it = β spec , Sarazin, 1986) as well as those with β spec much less than or much greater than unity should be avoided. Anisotropy in the galaxy velocity distribution can be the signature of merger activity and when projected into the plane of the sky can result in a large β discrepancy (e.g., A2256; Roettiger et al. 1995 ). It will be beneficial for future studies to focus on nearby cluster samples which are less subject to observational selection effects while having more detailed X-ray data. Finally, we suggest that the numerical modeling of specific systems, such as was done with A2256 (Roettiger et al. 1995) , will aid in the interpretation of the SZ base determinations of H • . Table 2 : The mean ratio of the observed to true H • for each of the first 6 mergers in Table 1 , averaged over all projection angles at 2.5 and 5.0 Gyrs after core passage. Merger 7 was only analyzed at 5.0 Gyrs. a Time since core passage in Gyrs.
b Ratio computed using an isothermal temperature estimate. c Ratio computed using a high resolution temperature profile.
d Uses observed density profile based on an isothermal β model. Fig. 1: a) The normalized initial total mass density (solid) and gas density (dashed) for the primary cluster in mergers 2-6 (See Table 1 ). The shape of the total density profile is identical for all simulated clusters, both primary and subclusters, only the dimensions and total mass scaling change. The gas density profiles change only slightly. This cluster has β=1. Those with lower β values have flatter gas density profiles for r > r c . b) The temperature profile for the same cluster as in (a). The cluster is isothermal for r < 4r c with a slight temperature gradient at larger radii. The other clusters have the same basic temperature profile although scaled in accordance with the choice of β and the total cluster mass. Fig. 2 : Evolution of the isolated cluster's gas density profile. At 0.0 Gyrs (solid), at 4.0 Gyrs (dotted), and at 8 Gyrs (dashed). Core passage for the mergers occurs at ∼4.0 Gyrs. Fig. 3 : Contours of a 2-dimensional slice in gas density (Merger 3, Table 1 ) taken through the cluster core and parallel to the merger axis at a) 0.0 Gyrs, c) 1.25 Gyrs, e) 2.5 Gyrs, and g) 5.0 Gyrs. Times are relative to core passage. Contours are uniformly spaced in the logarithm and span 2 orders of magnitude. The subcluster entered from the right moving to the left. The corresponding slices in gas temperature can be seen in (b),(d),(f), and (h). Contours are linear and most are labeled with the corresponding temperature in keV. All contours are spaced by 2 keV. Each panel is 4 Mpc on a side.
FIGURE CAPTIONS
Fig. 4:
The ratio of the "observed" to "true" H • defined by Eq. 3 using the emission-weighted isothermal temperature (solid line) and the projected, emission-weighted temperature profile (dashed line) as a function of projection angle along the merger axis (also cluster's major axis). Lines represent a fit to the distribution of randomly drawn LOS through the cluster core. Maximum residuals to the fit are ∼0.1. In both cases, the exact n e distribution is used. A projection angle of 0
• implies the observer is looking perpendicular to the merger axis, +90
• is looking up the merger axis (subcluster moving toward the observer), -90
• is looking down the merger axis (subcluster moving away from the observer). Each panel a-f corresponds to a merger, 1-6, in Table 1 .
Fig. 5:
The ratio of the "observed" to "true" value of H • defined by Eq. 3 using observationally derived temperature and density information as a function of projection angle (a) along the merger axis (i.e., latitude) at fixed longitude (0 • ) and (b) perpendicular to the merger axis (i.e., longitude) at fixed latitude (0 • ) (Merger 5, Table 1 ). Each point represents a single measurement. The + designates use of an isothermal temperature. The ⋄ designates use of an azimuthally averaged temperature profile. The projection angle in (a) is defined as it is in Figure 4 . The zero point for the projection angle in (b) is arbitrary owing to the relative symmetry about the merger axis. Variation of h obs /h true from one pointing to the next is a result of local inhomogeneities in the temperature and density distributions. Fig. 6 : The "observed" discrepancy in H • resulting from limited temperature information only as a function of aperture size for mergers, 4 (+) and 5 (⋄) at 2.5 Gyrs (solid line) and 5 Gyrs (dashed line). As the aperture increases, temperature gradients generated during the merger, cause the observed temperature to decrease. As the temperature decreases so does the observed value of H • .
Fig. 7:
The ratio of the "observed" to "true" value of H • defined by Eq. 3 using observationally derived temperature and density information as a function of projection angle along the merger axis (also cluster's major axis). The solid line represents the use of an emission-weighted isothermal temperature. The dashed line represents the use of a projected, emission-weighted temperature profile. As in Fig. 4 , the lines represent fits to the distribution of randomly drawn LOS through the cluster core. Maximum residuals to the fit are ∼0.1. The projection angle is defined as in Fig. 4 Fig. 8: Evolution of the "observed" discrepancy in H • . a) Evolution in Merger 4. Virtually no evolution is noted between 2.5 (solid) and 5.0 (dashed) Gyrs. b) Evolution in merger 5. Here, we see the observed discrepancy increase with time. As the merger remnant evolves, it becomes more spherical and so the overestimate of H • at 0
• is reduced, while the underestimation of H • caused by the temperature estimate remains essentially the same. Fig. 9: a) A comparison of the isothermal temperature (+) (R<0.75 Mpc), the observed temperature profile (⋄), and the true temperature in a narrow beam along the merger axis (solid line) for Merger 4 after 5 Gyrs. Note the observed temperatures are smoother and tend to underestimate the true distribution. b) A comparison of the observed density distribution (+) and the true density along the merger axis (solid line). While the peak density is slightly overestimated, the width of the observed distribution is severely underestimated. Fig. 10: a) A comparison of the isothermal temperature (+) (R<0.75 Mpc), the observed temperature profile (⋄), and the true temperature (solid line) in a narrow beam perpendicular to the merger axis (solid line) for Merger 4 after 5 Gyrs. Similar to Figure 9 , the observed temperatures are smoother and tend to underestimate the true distribution. b) A comparison of the observed density distribution (+) and the true density (solid line) perpendicular to the merger axis (solid line). Contrary to Figure 9 , the peak density is slightly underestimated, while the width of the distribution is significantly overestimated. 
